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Introduction
The investigations that have been carried out in recent years have shown the good promise of silicon irradiation with light ions (e.g. hydrogen and helium) for providing specific properties of the material that are unattainable with conventional methods [1] [2] [3] . This processing of silicon is promising for the development of a number of semiconductor technologies, including, for example, the during subsequent heat treatment. Depending on implantation mode and annealing temperature and time one can produce regions saturated with different types of defects:
• radiation-induced point defect clusters (eliminable by subsequent heat treatment); • agglomerations of defects and hydrogen-filled micropores retained in the crystal after heat treatment; • large hydrogen bubbles causing crystal surface erosion showing itself in superficial layer exfoliation at a depth of about the projection range of the implanted particles (protons in the case considered).
The presence of each of the structural defect types listed above can be used in specific semiconductor processes [1, 3, 4] .
Currently there are several trends in the practical use of the properties of damaged layers generated by proton implantation and subsequent heat treatment:
• gettering of recombination impurities; • separation of diffusion-bonded n-and p-type silicon wafers (the smart-cut technology); • increasing the adhesion of films deposited onto silicon wafers; • increasing the efficiency of photo-converters.
The aim of this work was to study the structural changes occurring in silicon single crystals as a result of ion implantation and to clarify their dependence on subsequent heat treatment. The aim of this work was achieved using the methods of double-crystal X-ray diffraction and X-ray topography. The results showed that double-crystal X-ray diffraction is sensitive to the defects forming as a result of ion implantation and subsequent heat treatment and is an efficient tool for rapid analysis of defect-containing structures. The experimental results were confirmed using X-ray topography. The information on the structure of ion-implanted specimens obtained in this work is helpful in the selection of the optimum ion implantation mode and post-implantation annealing temperature with the aim of increasing the quality and yield of devices.
Experimental
The specimens for the study were provided by Sapfir Co., Moscow, and were in the form of BDM-(AV) Grade single crystal silicon wafers which are used e.g. for the fabrication of p-i-n photodiodes. The Si wafers were n-type silicon single crystals (r = 100 W × cm) having the (111) orientation. The irradiation modes were as follows: proton energy E = 200 and 300 keV, the implantation dose being D = 2 × 10 16 cm -2 . Some of the specimens were subjected to sequential irradiation with protons having different energies: 100 + 200 + 300 keV, the total dose being 2 × 10 16 cm -2 . The specimens were irradiated at room temperature on an experimental implantation unit on the basis of a KT-500 cascade accelerator at the Research Institute for Nuclear Physics of the Moscow State University [15] . The proton current density was within 1 mA/cm 2 which avoided crystal heating to > 50 °C.
The results of preliminary irradiation of final-product semiconductor structures at Sapfir Co. showed that the device parameters for the as-proton irradiated silicon specimens (without heat treatment) were unstable. Earlier reports showed the good efficiency of irradiating the peripheral regions of n + -p junctions with protons for protecting the surface of p-i-n photodiodes and correcting their characteristics with the aim to minimize the dark currents of photosensitive pads and guard rings [16] . We studied the behavior of the damaged layers after heat treatment in order to elaborate methods of increasing the stability of the devices and correcting the electrophysical parameters related to the increasing influence of the damaged layer. The as-irradiated specimens were vacuum-annealed in several stages at 100 to 900 °С with 50 °C steps for 2 h at each stage. The shortest annealing time was chosen based on the sensitivity of the X-ray diffraction method used for studying the structure of the damaged layer. An increase in the annealing duration did not change significantly the condition of the damaged layer for each specific annealing temperature.
The choice of implantation dose is dictated by the necessity of obtaining a layer containing the maximum number of imperfections and possessing stable properties. It was demonstrated [17] that an increase in the dose to above 2 × 10 16 cm -2 causes the formation of gas bubbles and destruction of silicon single crystals during subsequent heat treatment.
The energy of the implanted protons is selected with the aim to generate a damaged layer at depths comparable with the p-n junction location depth in industrial devices (approx. 2 mm).
The depth profiles of the implanted hydrogen ions and the radiation-induced defects in the irradiated silicon single crystals ( Fig. 1 ) for 100, 200 and 300 keV irradiation energies were analyzed using the Pearson method [18] with the TRIM software (Transport of Ions in Matter) [19] . It can be seen from Fig. 1 that the location of the concentration peaks in the impurity and radiation-induced defect depth profiles were almost the same for similar implantation energy and agree with the projection range of protons having the respective energy. However, the calculated point defect concentrations proved to be higher than the hydrogen concentration, the difference being 1.4 times for 100 keV implantation and 1.7 times for 300 keV implantation. The Monte-Carlo radiation defect profiles have well-pronounced bell shapes shifting to greater depths with an increase in energy [18] . The profile width increases with the energy of the ions, while the height of the concentration peak decreases. However, the overall curve area suggests an increase in the total number of defects generated by one ion.
Thus, sequential implantation of the specimen with ions at energies increasing stepwise from 100 to 300 keV allows producing a quasi-uniform, depth-smeared damaged layer the width of which is greater compared with that for implantation at a single energy. Aimed at solving practical tasks and increasing the sensitivity of the X-ray diffraction and X-ray topography structural study methods we implanted one of the specimens sequentially with hydrogen ions at energies E = 100 + 200 + 300 keV. The diffraction reflection curve of the initial specimen and the rocking curves, i.e., the angular dependences of reflection intensity from the crystal, for all the abovementioned implantation and annealing modes were taken on an X-ray diffractometer in the (n, -n) double-crystal setup. The X-ray diffraction pattern provides information on the imperfections in the crystalline structure of the specimens at the depth corresponding to the X-ray extinction length L ext ; one can see changes in the interplane spacing and the atomic disorder degree with increasing depth. Therefore in order to increase the extinction length (L ext ≈ 8.03 mm in the case considered) we used the third-order (111) plane reflection for CuK a1 radiation (l = 0.1541 nm).
For the measurements we took the "all at maximum" position as the zero point corresponding to the reciprocal lattice site for the reflection used. A 1 mm slot was provided in front of the detector for precision Bragg reflection adjustment. The slot was later removed for rocking curve measurement. The source beam was collimated with a 0.1 mm horizontal slot and a 12 mm vertical slot. The diffraction reflection curves of the initial silicon single crystal were taken by automatic crystal rotation in the -25" to +25" angle range around the diffraction angle (q B = 47.5 arc deg) with a 0.1" angle step. The rocking curves of the as-implanted and as-annealed silicon single crystals were taken by automatic crystal rotation in the -90" to +30" angle range around the diffraction angle with a 0.5" angle step. The pulse gain time was 1 to 100 s per point and at least 100 s for statistical data accumulation. These data were used for further calculation of the mean effective thickness L eff and the mean relative deformation Da/a using the method of integral characteristics [20] . The principle underlying the method of integral characteristics is as follows.
The difference between the total areas under the rocking curve of a crystal having a damaged layer and the rocking curve of a perfect crystal can be written in the following form [20] [ ]
where P R (q) is the intensity of scattering by the layer/substrate system (hereinafter the substrate will be considered as the undamaged silicon structure region), P R 0 (q) is the intensity of scattering from the substrate, q 0 is the width of the diffraction reflection curve, L ext is the extinction depth, w(z) is the Debye-Waller factor describing the random movements of atoms around their positions in the perfect lattice (physically exp(-w(z)) describes the amorphization degree of the damaged layer caused by various defects forming during the implantation), K h is the diffraction vector, and u(z) is the displacement of the atomic planes in the damaged layer relative to their respective positions in the substrate.
At relatively large u(z), theoretical Eq. (1) transforms to the following simpler expression
In other words, the parameter DS (0) determines the thickness of the damaged layer. We write this expression for the first statistical moment of the experimental rocking curve:
where L l is the thickness of the damaged layer. For low amorphization when ехр(-w(z)) @ 1, the parameter ∆S (1) determines the mean deviation of the crystalline lattice parameter of the damaged layer, i.e., (1) 
The diffraction reflection curve of the initial silicon specimen is shown in Fig. 2 , and the rocking curves of the as-irradiated and as-annealed specimens are presented in Fig. 3 .
The half-width of the diffraction reflection curve of the initial silicon specimen before any treatment (Fig. 2) is ~3" which is in agreement with the calculated theoretical values [21] . Thus, the initial single crystal is highly perfect and contains a minimal quantity of defects.
The rocking curves of the as-irradiated specimens (Fig. 3) contain, along with the Bragg peak, an additional reflection intensity hill in its vicinity. The intensity of the additional reflection hill is not high, a few percents. However the angle range of the additional reflection intensity hill is large, hundreds of angle seconds. This scattering feature is caused by the formation of a thin damaged layer due to the radiation-induced defects near the surface of the irradiated single crystals. The lattice distortion in the layer changes the average interplane spacing Da and produces X-ray beam reflections at angles differing from the exact Bragg angle. Figure 4 shows a Lang X-ray section topography [22] image of the damaged layer generated by proton implantation into the surface layer of single crystal silicon. The image was obtained on a ROTAFLEXRU-200B instrument [15] in MoK a1 radiation, wavelength 0.07093 nm. The focus projection of the sharp-focused X-ray source was 0.4 × 0.4 mm 2 . The ~10 mm wide ribbon-shaped beam was formed before the specimen with narrow vertical slots: one slot ~100 mm in width was at a 1.9 m distance from the specimen and the other slot ~10 mm in width was at a 0.25 m distance after the first slot. The position of the (111) single crystal silicon specimen was adjusted until a strong diffraction beam for the characteristic K a1 line was obtained for the (133) diffraction plane (q B = 16.5 arc deg). Thus, a tilted reflection was used for increasing the size of the damaged layer image in the X-ray topographic pattern. Note that the angle between the (111) and (133) planes is ~22 arc deg providing for an increase in the detectable damaged layer thickness from 4 to 50 mm. The influence of the projection magnification due to the beam divergence at the distance between the specimen and the photographic plate is negligible. For our experiment we achieved a high spatial resolution by choosing the distance between the specimen and the photographic plate to be 40 mm for a 0.4 mm vertical focus projection located at 2300 mm from the specimen.
The size of the primary radiation-induced defects and complexes is small as compared with the resolution of X-ray topography and therefore they cannot be resolved individually. The damaged layer is seen in the X-ray topographic pattern as a dark band against the light background of the silicon matrix. Strictly speaking, the conditions under which the image shown in Fig. 4 was taken are not in full compliance with the section topographic pattern criteria since the width of the incident beam (~10 mm) is smaller than the crystal thickness (~400 mm) but appreciably greater than the damaged layer thickness (~3 mm). Topographic patterns taken under such conditions are not projection ones with regard the damaged layer. Yet they resolve a region of the maximum damage and the surface layer with a low defect concentration. It is noteworthy that additional coherent oscillations can be seen in the rocking curves of the specimens predominantly at angles that are smaller than the Bragg angle (Fig. 3) . This indicates an increase in the lattice parameter of the damaged layer. One can therefore assume that interstitial type defects give the main contribution to the lattice damage. Since the bombarding particle energy is typically imparted to the target atoms during implantation in the forward direction, interstitial atoms have a somewhat deeper profile than vacancies. This must therefore produce a vacancy-rich layer close to the specimen surface and a layer rich in interstitial atoms near the end of the ions' projection range. Interstitial atoms are known to distort the lattice stronger than vacancies, and therefore a superimposition of vacancy and interstitial solid solutions (as in the case considered) produces an increase in the lattice parameter; this was confirmed by the diffraction experiment [23] . Vacancy type defects show themselves in electrophysical experiments [24, 25] .
Annealing at T = 300 °C produces an additional scattering region in the rocking curves of the specimens, the intensity of the reflection being even greater than for the as-irradiated specimens in which the additional scattering hill was already depleted almost completely after annealing at 600 °C (Fig. 3 ).
Results and discussion
We used the method of integral characteristics for the treatise of the experimental results [20] . This method only accounts for the integral intensity scattered in the vicinity of the diffraction maximum; this provides for the high speed of the method and the capability of consistent treatise of the results. For the processing of the results we developed a computer program for calculating the effective damaged layer thickness L eff and the mean deformation in the layer Da/a. The effective damaged layer thickness L eff and the mean deformation Da/a of the damaged layer as a function of irradiation mode and annealing temperature are shown in Figs 5, 6, respectively. These data suggest that irradiation of the silicon single crystals at a 200 keV energy and a 2 × 10 16 cm -2 dose gives L eff that agrees with the proton projection range and reaches ~2.5 mm, while irradiation at 300 keV gives L eff ~ 3.2 mm. After sequential irradiation with proton energy combination 100 + 200 + 300 keV L eff increases to 4.5 mm. The mean deformation of the damaged layers exhibits a similar behavior as a function of irradiation energy.
The common feature of the experimental curves is a nonmonotonic change of the integral characteristics with an increase in temperature. Increasing the annealing temperature to 200 °C causes a linear decrease in L eff for all the irradiation modes, but after T = 250 °C L eff increases appreciably. Noteworthy, L eff and Da/a increase for all the irradiation modes in the 200-300 °C range. One can assume that the transformation, re-association and rearrangement of radiation-induced defects caused by annealing in this temperature range lead to the formation of complexes and clusters consisting of simple defects and interstitial hydrogen atoms. Another assumption is the formation of hydrogen-filled micropores. Possibly the composition of these microdefects produces an especially strong distortion in the damaged layer, causing an increase in the average values of the integral characteristics in all the cases considered above.
X-ray topography also revealed a nonmonotonic change in the thickness of the damaged layer with an increase in the annealing temperature. The X-ray section topographic pattern for the specimen annealed at 300 °C exhibits an increase in the thickness of the damaged layer compared with the as-irradiated specimen (Fig. 7a) .
The X-ray topographic pattern for the specimen annealed at 300 °C (Fig. 7a ) also exhibits a darker damaged layer as compared with the as-irradiated specimen (Fig.  4 ). (The specimens were topographed under the same conditions, and the photographic plates were developed simultaneously.) This seems to originate from an increase in the deformation in the damaged layer. Further increasing the annealing temperature to 400 °C changes L eff in a specific manner for each of the irradiation modes. However, the L eff and Da/a functions of annealing temperature exhibit a similar behavior in the entire annealing temperature range for each specific irradiation mode and different behaviors for different irradiation modes. For 200 and 300 keV irradiation energies the temperature dependence peaks (at T = 250-350 °C) are appreciably weaker and wider compared with irradiation at E = 100 + 200 + 300 keV and shifted towards higher temperatures. Increasing the annealing temperature from 400 to 900 °C is accompanied by a gradual decrease in the integral characteristics. At 900 °C the damage in the layer is but slight. This, however, does not indicate that microdefects are absent in the damaged layer. X-ray topography showed that 900 °C heat treatment actually anneals the surface layer of the crystal where the concentration of the radiation defects was initially lower than at the depth corresponding to the ions' projection range where the structure is not restored by annealing (Fig.  7b) . The dark spots revealed in the depth of the crystal indicate the typical coagulation of oxygen precipitates during high-temperature annealing of Cz-grown silicon single crystals [23] .
Double-crystal X-ray diffraction no longer detects the mean lattice deformation after annealing at above 500 °C. Point defect complexes, clusters and pores forming at these post-implantation annealing temperatures have a smaller influence on the lattice parameter of the crystal than the influence of unassociated point defects, and therefore the positive and negative lattice deformations generated by these defects are compensated.
Conclusion
The condition of the damaged layer in single crystal silicon was studied using double-crystal X-ray diffraction after proton implantation at E = 200, 300 and 100 + 200 + 300 keV and dose D = 2 × 10 16 cm -2 and subsequent heat treatment in the 100 to 900 °C range. The integral characteristics of the damaged layer have a nonmonotonic dependence on the annealing temperature, the maximum damage being observed for ~300 °C.
The high-resolution double-crystal X-ray diffraction method proved to be sensitive to damaged layer condition. Combination of this experimental tool with data processing using the method of integral characteristics provides for rapid analysis of defect-containing structures aiming at elaboration of technologies for a number of semiconductor devices involving the introduction of radiation-induced defects.
Detailed analysis of oscillations observed in the diffraction reflection curves for the test specimens taken using triple-crystal X-ray diffraction combined with electron microscopy imaging will be published later. 
